The plastid terminal oxidase (PTOX) has been shown to be an important sink for photosynthetic electron transport in stress tolerant plants. However, overexpression studies in stress sensitive species have previously failed to induce significant activity of this protein.
Abstract:
The plastid terminal oxidase (PTOX) has been shown to be an important sink for photosynthetic electron transport in stress tolerant plants. However, overexpression studies in stress sensitive species have previously failed to induce significant activity of this protein.
Here we show that overexpression of PTOX from the salt tolerant brassica species Eutrema salsugineum does not, alone, result in activity, but that over-expressing plants show faster induction and a greater final level of PTOX activity once exposed to salt stress. This implies that an additional activation step is required before activity is induced. We show that that activation involves the translocation of the protein from the unstacked stromal lamellae to the thylakoid grana and a protection of the protein from trypsin digestion. This represents an important and novel activation step and opens up new possibilities in the search for stress tolerant crops.
Significance statement:
Growing concerns about food security and changing climates make the identification of novel stress tolerance traits a priority. Here we show that the activation of the plastid terminal oxidase, via its relocation within the thylakoid membrane, can induce a protective sink for electron transport. We have thus identified a novel and unexpected mechanism for protein activation and opened new avenues for engineering plant stress tolerance.
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Introduction
Most crops species are, to a greater or lesser extent, stress sensitive and optimizing stress tolerance pathways may play a key role in securing food production (1) . The greatest potential for identifying novel stress tolerance mechanisms comes from studies of extremophiles. During the last decade, the halophyte brassica Eutrema salsugineum (previously Thellungiella halophila) has emerged as a stress-tolerant model system (2) (3) (4) .
This close relative of the widely studied model plant Arabidopsis thaliana is not only highly tolerant of salt but also of a variety of other abiotic stresses, including drought and extreme temperatures (5) (6) (7) . A better understanding of this tolerance will open new possibilities for developing stress tolerant crops. Importantly, unlike many extremophiles, Eutrema is amenable to molecular studies, providing an excellent model system.
Previously, we provided evidence that a protein termed the Plastid Terminal Oxidase (PTOX -a plastoquinone-oxygen oxidoreductase), acts as a significant sink for photosynthetic electron transport in salt-stressed Eutrema (8) . In Eutrema, we observed a strong, salt-induced up-regulation of PTOX protein, which correlated with the induction of a substantial oxygen sensitivity of Photosystem II (PSII) electron transport. Electron transport became sensitive to the PTOX inhibitor n-propyl gallate, whilst the O2-sensitive portion of electron transport was shown to be insensitive to the Cyt b6f inhibitor DNP-INT. In contrast, expression of PTOX protein in Arabidopsis was insensitive to salt treatment and we found no evidence that it contributed to electron flux under steady-state conditions. Based on our results and previous published work, we proposed that PTOX protects Eutrema leaves from oxidative stress under salt stress conditions (8) (9) (10) .
PTOX was originally identified as a defective protein in variegated mutants (IMMUTANS, ghost) and was shown to play critical role in carotenoid biosynthesis in green tissues (11) (12) (13) . Biochemical evidence has pointed to PTOX being localized on the stromal face of the unstacked regions of the thylakoid membrane (14) . Binding of PTOX to the membrane has been suggested to be regulated by light-induced changes in stroma pH, which may provide a dynamic mechanism for activation of PTOX in response to stress (15) .
Evidence that PTOX can act as a significant sink for electron transport under stress conditions, was first put forward by Streb et al. (9) , who measured significant levels of PTOX protein and presented indirect evidence for its activity in the high montane species Ranunculus glacialis. This was questioned, however, by Rosso and co-workers (16) who examined plants of Arabidopsis overexpressing PTOX and failed to find evidence for a role either in acting as a significant electron sink or in protecting plants from high light stress. In other studies, PTOX activity has only been seen under non-equilibrium conditions with a very low estimated flux (17, 18) .
In wild type Arabidopsis, PTOX is only present at around 1% of the other electron transport components and seems unlikely to contribute to overall electron flux (18) . In saltstressed Eutrema, PTOX-dependent electron transport accounts for up to 30% of the total linear electron flow (8) . This could substantially reduce ROS production under stress, protecting leaves from photooxidative damage, and may play a crucial role in determining stress tolerance of Eutrema. If we could transfer this PTOX activity to crop species, it might be possible to significantly increase abiotic stress tolerance. However, previous attempts at overexpressing PTOX protein have not resulted in a significant increase in electron transport capacity (16) (17) (18) and have in fact been reported to increase oxidative stress (19) .
Given the contradictions in previous data, we hypothesized that the differences in PTOX activity between species is due to differences in the properties of the polypeptide in those species. To test this hypothesis, we overexpressed the Eutrema PTOX gene in Eutrema and Arabidopsis. We observed, however, that the high activity in this plant is not simply related to protein content or differences in sequence from other species. Rather, we present data that the localization of the PTOX protein is altered, to allow for its increase activity.
This discovery opens new research avenues for work on improving stress tolerance.
Results
Over-expression of Eutrema PTOX protein does not result in an increase in electron transfer to oxygen
Previously, we observed that, in unstressed plants of Eutrema and Arabidopsis, electron transport through PSII was largely insensitive to the oxygen concentration under conditions of saturating CO2 (8) . This is consistent with a low rate of electron flow to oxygen. In plants of Eutrema, but not Arabidopsis, salt stress resulted in an increase in electron transport through PSII. This additional capacity was shown to be sensitive to oxygen and to the PTOX inhibitor n-propyl gallate. Salt stress induced an increase in PTOX protein.
To test whether this additional electron transport was a simple consequence of the presence of the PTOX protein, we produced plants which overexpressed the native protein under control of the 35S promoter (Fig. S1 ). Plants were produced with an up to 8-fold increase in PTOX protein, as estimated using Western blot analysis (Fig. S1) . Examination of the relative expression of other thylakoid membrane proteins revealed no significant differences in stoichiometry between wild-type plants and their respective transgenic lines (Fig. S1 ).
PTOX overexpression alone did not result in any change in PSII capacity (Fig. 1B) or in PSII electron transport becoming sensitive to oxygen (Fig. S2) . We conclude therefore that expression of PTOX protein alone is not sufficient for electron transport to oxygen to occur.
Additionally, we overexpressed the Eutrema PTOX protein in Arabidopsis. Again, no evidence of activity of this protein was seen (Fig. 1B and Fig. S2 ).
PSII activity is induced by salt more rapidly and to a greater extent in PTOX-OE plants of Eutrema.
WT and PTOX-OE plants of Eutrema and Arabidopsis were then exposed to salt stress for up to 14 days. Salt concentrations used were such as had previously been shown to increase leaf salt content without causing plant death (150 mM NaCl in Arabidopsis, 250mM NaCl in Eutrema; see (8) for details). In all plants, salt treatment resulted in a marked increase in leaf Na + content, with a reduction in K + , though this was greater in Arabidopsis ( Fig. S3) , consistent with our previous observations (8) . In Arabidopsis plants, exposure to salt resulted in a progressive and marked decline in PSII efficiency (PSII) and a corresponding increase in non-photochemical quenching ( Fig. 1A and C showed an increase in NPQ under salt-stress conditions (Fig. 1D ). Gas exchange (Fig. S4) and PSI electron transport parameters (Fig. S5) were largely unaffected by PTOX expression.
The additional electron transport induced in response to salt was sensitive to oxygen concentration and to the PTOX inhibitor n-propyl gallate ( Fig. 2A) . In salt treated leaves of Eutrema incubated with the cytochrome b6f inhibitor 2,5-Dibromo-6-isopropyl-3-methyl-1,4-benzoquinone (DBMIB), electron transport through PSII was retained to a greater extent in PTOX-OE plants than in WT (Fig. 2B ).
Salt treatment results in a relocalization of PTOX from Stromal Lamellae to Grana
Stacks in Eutrema but not Arabidopsis
PTOX is a quinone-oxygen oxidoreductase. It accepts electrons from the plastoquinone pool, which is itself reduced mainly by PSII, although the plastid-localized NDH complex may also contribute under some conditions (20) . The diffusion of PQ in the thylakoid membrane is thought to be largely restricted, due to the high concentration of protein present (21, 22) . PTOX protein has previously been shown to be associated with the thylakoid as a peripheral membrane protein, localized to the stromal lamellae (14) . Activity of this PTOX may be possible, if electron transport occurred from ferredoxin, via NDH to PQ in the stromal lamellae, however, we find no evidence in our plants that PSI electron transport is involved in PTOX activity (Fig. S5 ). Electron transport from PSII and PQ in the grana to PTOX in the stromal lamellae seems unlikely to be an efficient process. We therefore hypothesized that, to allow a high flux from PSII to PTOX, the PTOX protein undergoes a translocation to the grana under salt stress conditions.
Thylakoid membranes were isolated from control and salt-treated WT and PTOX-OE plants of Eutrema and Arabidopsis. Membranes were then treated to separate grana and stromal lamellae fractions. Purity of the fractions was controlled by distribution of marker proteins and chl a/b ratio measurements (Fig 3B and C) . Western blot analysis confirmed that, in control conditions, PTOX protein is localized mainly or completely to the stromal lamella fraction (Fig. 3A) . This was also the case in membranes isolated from salt-treated
Arabidopsis. In salt-treated Eutrema however, approx. half of the PTOX protein was found in the granal fraction, implying that a relocalization of a substantial proportion of the PTOX pool takes place in response to salt treatment. At the same time, the level and distribution of other proteins, including FtsH protease and STN8 kinase capable of entering the granal margin and the granal core, respectively (23) was not changed significantly, thus demonstrating that the presence of PTOX in the granal fraction of Eutrema is PTOX-specific rather than resulting from general remodelling of the thylakoid membranes under salt stress.
This relocalization was not however seen in plants of Arabidopsis expressing the Eutrema PTOX protein, implying that this response is not a simple feature of the Eutrema polypeptide.
Salt treatment results in protection of PTOX from trypsin digestion
The formation of thylakoid stacks results in the close appression of membranes on the stromal side of the thylakoid membrane (24) . This produces an environment with restricted space and proteins localized to the grana (PSII, LHCII, cytochrome b6f) do not have extensive stromal facing domains (25) (26) (27) . PTOX has previously been modelled as an interfacial membrane protein with a large proportion of the polypeptide protruding into the stroma (28) . As such, it is not immediately clear how it could be relocalized to the grana, whilst bound to the stromal face of the membrane.
To test whether the granal-localized portion of PTOX is exposed to the stroma, we undertook a trypsin digestion procedure (Fig. 4) . Exposure of isolated intact thylakoids to trypsin resulted in the complete degradation of the stromal facing ATPase subunit AtpB.
Furthermore, the immunochemical analysis of FtsH protease, a protein adopted by the grana margins (23) and thus potentially gaining more resistance to proteolysis, demonstrated high sensitivity of this polypeptide to the trypsin treatment in both control and salt-treated plants.
At the same time, the lumenal PSII subunit PsbO was protected from digestion in intact but not in lysed thylakoids. In Arabidopsis thylakoids and in membranes from non-stressed plants of Eutrema, PTOX was also largely degraded. In thylakoids from salt-treated plants however, there was a substantial proportion of the PTOX pool which was retained after trypsin digestion, implying this was protected from the trypsin (Fig. 4A ). To test whether this portion was protected by being localized in the appressed membrane regions, we examined the effect of desalting thylakoids, to eliminate stacking. In these conditions, a substantial proportion of PTOX was still protected from digestion (Fig. 4B ).
Discussion
The idea that PTOX protein may act as a safety valve for photosynthetic electron transport has been discussed for some years and various studies have attempted to demonstrate this using overexpression (16) (17) (18) . Consistent with this previous work, we observed that overexpressing the PTOX polypeptide is insufficient to induce a significant activity of PTOX as an electron sink. However, this overexpressed PTOX protein can result in increased PSII activity under salt stress conditions (Fig. 1 ). This implies either that additional polypeptides are required or that some form of activation of the protein is necessary. Our data strongly indicate that the translocation of the PTOX protein from the stromal lamellae to the grana is required, bringing PTOX into proximity with the PQ pool associated with PSII.
Previous work on PTOX suggested that this protein is located on the stromal face of the thylakoid membrane in the unstacked region of the thylakoid (14) . This was based on analysis of thylakoids from spinach, a species in which there is no published evidence for a substantial flux to PTOX. We have used the same experimental approach, a combination of thylakoid fractionation and trypsin digestion, and observe a clear shift in protein distribution depending on conditions. Under well-watered control conditions, our results match those of Lennon et al. (14) . When plants of Eutrema, but not Arabidopsis, were salt treated, there was a shift in the PTOX protein from the stromal to the granal thylakoid fraction. This shift will bring PTOX into closer proximity with PSII and the PQ pool.
PQ diffusion in the thylakoid membrane is thought to be highly restricted (29) . The high density of protein in the membrane means that PQ is probably confined to small domains within the membrane, which allow movement from PSII to those cytochrome b6f which are co-located, but which restricts diffusion from the granal stacks to the stromal lamellae (24) . It is likely that PQ is also present in the stromal lamellae, however this is unlikely to exchange at a significant rate with PQ in the grana. It is possible to imagine a pathway in which electrons flow from PSII via PSI to ferredoxin. The ferredoxin could then be oxidized by the stromal membrane localized NDH complex, reducing PQ, which would in turn be oxidized by PTOX. This pathway involves a flux through the whole electron transport chain. In our previous work we showed not only that PSI flux is insensitive to oxygen concentration, but also that the cytochrome b6f inhibitor DNP-INT does not inhibit flux from PSII to PTOX. Based on these observations, we suggested that, in Eutrema, electron flow occurs from PSII via PQ to PTOX. The relocation of PTOX from stromal membranes to grana stacks would clearly facilitate this.
The structure of the grana stacks in plant thylakoids requires close interaction between lipids and proteins in the adjoining membranes (30) . In particular, the presence of LHCII is an essential prerequisite with interactions between layers of membrane being facilitated by Mg 2+ ions. There is a view that proteins with bulky surface domains, in particular PSI and the thylakoid ATPase (31), are excluded from the grana core, as their presence would disrupt these tight interactions. PTOX is modelled, based on homology with the mitochondrial alternative oxidase, as a surface bound protein, with two helices protruding into but not crossing the membrane (28) . Given the size of the protein domain which protrudes into the solution it is not clear whether PTOX would readily diffuse into the tight space between grana (24). Entry into the grana stacks may therefore require an activation reaction, such as a change in the conformation of the protein or even a transfer to the lumenal face of the membrane.
In addition to resulting in the movement of PTOX from stromal to granal membrane fractions, salt treatment of plants also conferred a large degree of protection from trypsin digestion. Sensitivity to trypsin digestion is widely used to determine orientation of membrane proteins and previously provided a convincing demonstration that PTOX is located on the stromal face of the thylakoid (14) . If PTOX were to migrate to the grana by entering into the appressed space between membranes, this may confer protection against trypsin digestion. However, we were able to show that much of the protection is retained when membranes were desalted, to remove stacking, suggesting an alternative or additional protection. Protection from trypsin may arise due to conformational changes (e.g. dimerization or association with other proteins), post-translational modifications etc. Finally, we cannot exclude the possibility that at least a portion of PTOX moves from the stromal to the lumen face of the membrane under salt stress conditions.
If PTOX were moving across the membrane, the question then arises what is the mechanism of this movement? There are two well characterized pathways which are involved in import of proteins into the thylakoid lumen -the SEC and TAT pathways (32).
The PTOX protein does not possess the known structural motifs required for either of these.
However, in the case of the TAT pathway at least, there is a possibility that PTOX may be acting as a "hitchhiker" protein, with another carrier polypeptide responsible for the translocation. This has been seen for example in bacterial systems (33) . The TAT pathway is notable for its ability to transfer ready folded proteins, including examples with redox cofactors. Further experimentation would be required to test this hypothesis however.
Given that expression of the PTOX polypeptide alone is known to not be sufficient for substantial activity as a PSII electron acceptor, we previously suggested that it required the presence of an additional protein (34 Alternatively, changes in membrane lipid composition and/or thylakoid structure might bring about changed localization. Such changes may require altered expression or activity of multiple proteins.
In conclusion, we show here that, whilst expression of the PTOX protein alone is not sufficient to induce a substantial electron flow from PSII to oxygen, over expressed protein can, under stress conditions, become active. We have provided evidence that that activation required the translocation of the protein to the grana stacks. Previously, the overexpression of PTOX has been dismissed as a means of conferring stress tolerance in crop plants -indeed plants overexpressing PTOX have been shown to suffer enhanced oxidative stress.
Nevertheless, the activity of PTOX reported in stress tolerant species strongly supports a potential protective role. In particular, the activity we observe in Eutrema operates only under conditions of light saturation, such that it does not compete with normal photosynthesis but is only active in stress conditions. Our data make it clear that overexpression of PTOX activity, rather than just the protein, remains a promising approach with the potential to confer increased stress tolerance on crop species. In the case of Arabidopsis, 150 mM represented the highest concentration at which plants were able to survive for any length of time and was used for all physiological experiments.
Materials and Methods
Plant Material
Seeds of Arabidopsis thaliana (ecotype
For biochemical analyses (including infiltration of leaves) the lower concentration was used to optimize yields. Vernalization of E.salsugineum seedlings to induce flowering prior to transformation was conducted by transferring six-week-old plants to 4°C cold room for 4 weeks.
Plant transformation and overexpression of PTOX
Transgenic plants with altered expression of PTOX were generated as described in the Supplementary Methods.
Determination of Na + and K + Content
Leaf samples of control and salt-treated plants were harvested, dried at 60°C for 48 h, and mineralized with 5 mL of HNO3 in Mars 6 Microwave Digestion System (CEM, Matthews, NC, USA). The resulting solutions were used for determination of Na+ and K+ with an Agilent 240Z AA atomic absorption spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
Photosynthetic parameters
Photosynthetic parameters were measured as described previously (8) . Gas exchange was monitored using a CIRAS1 infra-red gas analyzer equipped with a 2,5-cm 2 PLC-B Parkinson
Leaf Chamber (PP Systems, Amesbury, MA, USA). Chlorophyll a fluorescence emission was measured using a PAM-101 fluorometer (Heinz Walz GmbH, Effeltrich, Germany). PSII and NPQ parameters were calculated as described by Maxwell and Johnson (35) . The redox state of the PSI primary donor, P700, was measured using a PAM-101 fluorometer with an ED-P700DW-E emitter-detector unit (Walz). Maximum P700 signal was estimated by illuminating a leaf with a far-red light provided by a Led Engin LZ4 LED (λmax = 740 nm; LED Engin, San Jose, CA) with a saturating white flash being superimposed on the far-red light at steady state. The decay of P700 signal following a light-dark transition was fitted with a single exponential equation to yield a pseudo first order rate constant (k) for P700 reduction.
PSI ETR was calculated by multiplying the proportion of oxidized P700 by the rate constant (proportion of oxidized P700 × k) to give a rate of electron transport in electrons per PSI per second (36) . The high (21%) and the low (2%) O2 atmosphere were supplied by mixing compressed oxygen and nitrogen using an MKS controller (MKS Instruments Inc.).
Thylakoid membranes preparation
Highly purified intact chloroplasts were first isolated, as described previously (37). The mM NaF for 10 min on ice. The slurry was then centrifuged at 10,000g for 10 min, followed by a recentrifugation step at 45,000g for 30 min at 4°C. The pellet and supernatant collected after the centrifugation at 10,000g and 45,000g were used as thylakoid (T) and stroma (S) fractions, respectively. The thylakoid pellet was resuspended in resuspension buffer (RSB; 20 mM HEPES-KOH, pH 7.8, 150 mM sorbitol, 10 mM KCl, and 5 mM MgCl2).
The thylakoid membranes were subfractionated into grana and stromal lamellae using the method of (38). Freshly isolated thylakoids (0.8 mg chlorophyll ml-1) in RSB were solubilized with 1% digitonin for 15 min on ice with gentle agitation to prevent sedimentation of the thylakoid solution. The solublization process was terminated with the addition of ten volumes of ice-cold RSB and the solution was centrifuged at 1000g for 5 min at 4°C to remove undigested material. Pellets collected after centrifugation at 40,000g for 30 min and subsequent ultracentrifugation at 150,000g for 60 min represented grana (G) and stroma lamellae (L) fractions, respectively.
Protease protection assay
Intact thylakoid membranes resuspended in the wash buffer (WB) to a chlorophyll concentration of 1 mg ml -1 were incubated with trypsin (100 μg ml -1 ) in the presence of 0.5 mM CaCl2 at 4°C for 60 min. The reaction was terminated by the addition of PMSF to a final concentration of 1 mM. Thylakoid membranes were diluted in four volumes of WB and recovered by centrifugation. Broken thylakoid membranes were prepared by subjecting the intact thylakoids to freeze-thaw cycle and trypsin digestion performed. Membrane unstacking involved incubation of the intact thylakoid preparation in Mg 2+ -free WB containing 50 mM EDTA for 15 min, followed by two times wash with Mg 2+ -free/EDTA-free WB solution, and the tryptic digestion in Mg 2+ -free reaction mixture.
SDS-PAGE and immunoblot analysis
Protein samples for SDS-PAGE were incubated in 50 mM Tris-HCl (pH 6. nitrogen and total RNAs were extracted from the wild-type and transgenic plants as described above. qPCR was carried out in a one-step reaction using a SsoAdvanced universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). For a list of primers, see Table S1 . Data analysis was performed using CFX Maestro™ Analysis Software (Bio-Rad). Three RNA samples were assayed in triplicate. Expression levels were measured relative to three housekeeping genes: ACT2, UBC, and GAPDH.
Supplementary Table   Table S1 . List of primers used in this study. All primers used in this study were purchased from Eurofins MWG Synthesis GmbH (Ebersberg, Germany). Sequences are given 5′→3′. Restriction site sequences inserted for cloning are underlined.
Primer name Sequence Experiment
EsPTOX-F Eutrema salsugineum (open symbols) exposed to: 0 (squares) and either 150 (Arabidopsis) or 250 (Eutrema) mM NaCl (circles) for periods of up to 14 days.. The redox state of the PSI primary donor (A), the conductance of electron transport chain, gETC (B), the proportion of active PSI centers, P700Act (C), and the PSI ETR (D) were estimated as described in "Materials and Methods." Measurements were carried out on the same leaves used in Figure 1 and Figure S4 . Data points represent the means ± SE of at least six replicates.
AAGGATCCGTGATCGAATCTTGGGTTCC
